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Abstract 
Asymmetric membranes based on a dual phase composite consisting of 
(Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 (10Sc1YSZ) as ionic conductor and MnCo2O4 as electronic conductor were 
prepared and characterized with respect to sinterability, microstructure and oxygen transport properties. 
The composite membranes were prepared by tape casting, lamination and fired in a two-step sintering 
process. Microstructural analysis showed that a gastight thin membrane layer with the desired ratio of 
ionic/electronic conducting phases could be fabricated. Oxygen permeation fluxes across the 
10Sc1YSZ/ MnCo2O4 (70/30 vol.%) composite membrane were measured from 750 to 940°C using air 
or pure oxygen as feed gases and N2 or CO2 as sweep gases. Fluxes up to 2.3 mlN min-1cm-2 were 
obtained for the 7 micron thick membrane. A degradation test over 1730 hours showed an initial 
degradation of 21% during the first 1100 hours after which stable performance was achieved. The 
observed degradation is attributed to coarsening of the infiltrated catalyst. 
Keywords 
Two-step sintering, Oxygen membranes, Composite membranes, Asymmetric membranes, Oxygen 
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1. Introduction 
To reduce global warming and adverse climate changes it is important to reduce anthropogenic CO2. 
One possible approach to such emission reduction is to capture and sequester CO2 from large point 
sources, e.g. fossil fuel power plants. Among the available technologies for Carbon Capture and 
Sequestration (CCS), oxy-fuel combustion is a promising option. This approach uses oxygen instead of 
air in the combustion process. By eliminating nitrogen from the oxidant gas stream, it is possible to 
produce a CO2-enriched flue gas (90-95% CO2 in the dried flue gas) and the non circulated part of the 
CO2 can be compressed and stored [1]. The main energy demand for oxy-fuel process results from the 
oxygen production, which is today produced from cryogenic air separation units (ASU), the only 
available technology for large-scale production. However, cryogenic air separation is a highly energy 
consuming and expensive process [2][3], especially if small and medium scale combustion processes 
are considered. This energy demand could potentially be significantly lowered using thermally integrated 
separation modules based on ceramic oxygen transport membranes (OTM) [4][5].  
Typical oxygen transport membranes consist of a gastight mixed ionic and electronic conductor (MIEC), 
which allows oxygen diffusion through vacancies in the crystal lattice and simultaneous transport of 
electrons in the opposite direction. Membranes based on single phase MIEC materials can achieve high 
oxygen fluxes [6], but unfortunately most of flux wise promising membrane materials are not chemically 
stable under atmospheres containing CO2, SO2 and H2O; conditions which are going to be encountered 
with membrane integration in power plants that are suitable for CCS. The materials having adequate 
chemical stability unfortunately typically do not provide sufficient oxygen transport. For example, 
compounds in the Ba1−xSrxCo1−yFeyO3−δ (BSCF) and La1−xSrxCo1−yFeyO3−δ (LSCF) series have attracted 
large interest due to their good electronic and ionic conductivity [7][8][9][10][11], however, their lack of 
chemical stability in the presence of CO2 [12][13][14][15][16][17] (especially for the alkaline earth rich 
and cobalt rich compounds) clearly show the limitations of these compounds for oxy-fuel applications 
involving direct integration. Indeed, for materials containing La and alkaline earth metals the stability in 
CO2 and SO2 is low because of the potential formation of La/alkaline carbonates and sulphates. 
Carbonate formation at the surface of membrane reduces the surface exchange rate and consequently 
reduces the oxide ion transport through the membrane. In contrast, ionic conductors like doped zirconia 
((ZrO2)1-x(Y2O3)x (YSZ), (ZrO2)1-x(Y2O3)x(Sc2O3)y (ScYSZ)) or doped ceria (Ce1-xGdxO2-δ (CGO), Ce1-
xSrxO2-δ (CSO), Ce1-xPrxO2-δ (CPO)) have high chemical stability in CO2 and at low oxygen partial 
pressure. Fluxes in membranes constructed from such materials is strongly limited by electronic 
conductivity [18] [19]. 
Dual phase systems, where the membrane consists of a composite of a stable ionic conductor and 
a stable electronic conductor, can therefore be an alternative to the single phase system to ensure high 
oxygen flux and chemical stability at the same time. 
 Early reported dual phase membranes were ceramic-metal (cermet) composites consisting of an 
oxygen ion-conducting oxide phase and an electron-conducting noble metal phase 
((ZrO2)1−0.08(Y2O3)0.08/Pt [20] and Bi2O3-Er2O3/Au [21]). The price of the membrane can strongly be 
decreased avoiding the noble metals by using only ceramic compounds (“cer/cer”). Such “cercer”, e.g. 
composite membranes NiFe2O4 - Ce0.9Gd0.1O1.95 (NFO-CGO10) [17] and Ce0.8Gd0.2O1.9 - 
MnFe2O4 (CGO-MFO) [22] have indeed been shown to be stable in CO2. 
The thermodynamic driving force for oxygen transport through a MIEC membrane is the oxygen 
chemical potential gradient across the membrane, dictated by the imposed oxygen activities on the two 
sides of the membrane. The flux through the membrane is for the case of fast surface exchange given 
by the Wagner Equation (1): 
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ఙ೐ାఙ೔
 (𝑝𝑂ଶ) 𝑑 ln 𝑝𝑂ଶ
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 where  𝐽ைమ is the oxygen permeation flux (mol m
-2 s-1), R is the gas constant, F is the Faraday constant, 
L is the membrane thickness, 𝜎௘ and 𝜎௜ are the electronic and the ionic conductivities, and 𝑃 ை́మ and 𝑃 ́ ை́మ 
are the oxygen partial pressures at the high pressure side and low pressure side, respectively. 
In order to obtain a high oxygen flux, the membrane should evidently (cf. Eq 1) be as thin as possible. 
Asymmetric membranes, which combine a relatively thick porous support (for mechanical stability) and 
a thin dense membrane layer, are a promising architecture to minimize the actual membrane thickness 
whilst ensuring mechanical robustness. 
To manufacture dual phase asymmetric membranes, the following material related challenges must 
be overcome: (i) a heat treatment which allows a proper co-sintering of all layers must be established, 
(ii) the two materials must be chemically compatible ensuring no (or very limited) reaction between the 
two phases, and finally (iii) the thermal expansion coefficients (TECs) between the membrane materials 
and the support must be very close to ensure mechanical integrity of the component.   
Yttria stabilized zirconia (YSZ) has been studied as the ionic conductor in composite OTMs due to 
its high ionic conductivity, its thermodynamic stability in oxidizing and reducing atmospheres and its 
good mechanical strength [18]. The highest ionic conductivity for (ZrO2)1−x(Y2O3)x electrolytes is 
observed for x=0.08 (8YSZ) and is around 0.03 S/cm at 850°C [23]. Further addition of Y2O3 will 
decrease the ionic conductivity due to enhanced association of the oxygen vacancies and dopant 
cations, which results in defect-complexes with low mobility [24]. Co-doping of scandium and yttrium in 
zirconia results in significant enhancement of the ionic conductivity as compared with 8YSZ. Artemov et 
al. reported that the ionic conductivity of (Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 (10Sc1YSZ) is higher than 0.12 
S/cm at 850°C [25]. Therefore, 10Sc1YSZ was chosen here as the ionic conductor for the dual phase 
membrane.  
Spinels containing manganese and cobalt are known to possess high electrical conductivity [26]. 
The electrical conductivity of MnCo2O4 is reported to be in the range of 60-100 S/cm at 800-900°C 
[27][28]. In addition, MnCo2O4 is much easier to sinter than many other spinel-type oxides, and has a 
thermal expansion coefficient (TEC) (9.7 ppm/K between room temperature and 1000°C) [27] which is 
close to the TEC of 8YSZ (10.88 ppm/K [29] from room temperature to 1000°C). These properties make 
it a promising candidate as the electronic conductor in a dual phase system with 10Sc1YSZ (10Sc1YSZ-
MnCo2O4). Yi et al. reported that the MnCo2O4 spinel starts to decompose by formation of cobalt oxide 
above 1200 °C [30], which is close to the required sintering temperature for the densification of YSZ. 
Therefore, it is expected to be difficult to fully densify a composite of MnCo2O4 and Sc1YSZ in an 
asymmetric membrane by conventional sintering. 
Originally proposed by Chen and Wang, two-step sintering profiles allow producing nanostructured 
materials with high density at modest temperature, due to different grain growth and densification 
kinetics [31]. Indeed, with well chosen two-step sintering profiles the densification can proceed without 
grain growth. The suppression of the final-stage grain growth is achieved by exploiting the difference in 
kinetics between grain-boundary diffusion and grain-boundary migration. A typical two-step sintering 
profile consists of a first step with a fast heating rate (15-25 °C/min) to a peak temperature (without or 
with very short holding time (3 minutes maximum)) and, on a second step, the immediate cooling down 
to an isothermal plateau at a lower temperature. In the case of a composite membrane such a profile 
could allow a higher densification to achieve the desired microstructure in the composite membrane 
layer (and the porous support) while avoiding undesirable phase decompositions. 
In this work we present how two-step sintering can be utilized to prepare planar asymmetric 
membranes consisting of a 10Sc1YSZ/MnCo2O4 composite. The membranes were manufactured by 
tape-casting, lamination and subsequently sintered in a two-step firing. First a sintering study is 
presented involving the laminated membranes heat treated at three different sintering profiles. This 
allowed manufacturing of fully dense membranes. Catalysts were applied at both surfaces and oxygen 
permeation measured under different atmospheres. Finally a durability test was conducted with CO2 as 
sweep gas. 
2. Experimental 
2.1. Membrane preparation 
As presented in Figure 1, the asymmetric membranes consist of a 200 micron thick porous support 
(3YSZ + 20 vol.% of Al2O3) and a thin dense composite membrane layer (10Sc1YSZ/MnCo2O4, 7 µm) 
surrounded by two porous layers (8YSZ, 10 µm) that can be impregnated with a suitable catalyst. All 
layers were manufactured separately by tape casting. The YSZ (3YSZ and 8YSZ), 10Sc1YSZ and 
MnCo2O4 powders were purchased from Tosoh (Japan), Daiichi Kigenso Kagaku Kogyo Co. Ldt 
(Japan), and Marion Technologies (France), respectively. 3YSZ and 8YSZ powders were calcined for 2 
h at 1100°C and 900°C, respectively prior to further processing. All materials were ball milled in ethanol 
to obtain particles within submicronic range. Three slurries were prepared and cast: (i) a slurry for the 
porous support layer containing 33 wt.% of pore formers in relation to the total solid content (Graphite 
(dv50=7 µm) and PMMA (dv50=1.8 µm) supplied by Graphit Kropfmühl AG (Germany) and Esprix 
Technologies (USA), respectively) (ii) a slurry for the porous functional  layers containing 33 wt.% of 
pore former (PMMA) and (iii) a slurry for the membrane layer free of pore former. 
After drying, the green tapes were assembled by lamination at 135°C and 30 mm diameter disks 
were cut out using a stamping tool.  
As is presented in Figure 2, a sintering study was performed with following process parameters: (i) 
conventional sintering at 1250°C for 6 h, (ii) conventional sintering at 1075°C for 6 h (iii) two-step 
sintering, including a peak temperature of 1250°C (3 min) and a dwell temperature of 1075°C (6 h) (iv) 
two-step sintering at peak (3 min)/dwell (6 h) temperatures of 1225/1090°C. Heating rates of 0.25 °C/min 
for the de-bindering and 1 °C/min for the sintering regime were used in all cycles. A holding time of 4 h 
at 600°C was implemented in all sintering profiles to ensure complete removal of organic matter. A 
heating ramp of 25 °C/min was used for the peak of the two-step sintering profiles. A dwell period of six 
hours was employed in all four sintering cycles. Figure 2 focuses on the last 30 hours of the sintering 
cycles since they distinguish the four sintering cycles. Table 1 summarizes the complete sintering cycles 
used to optimize the microstructure of the 10Sc1YSZ-MnCo2O4 asymmetric membranes. The obtained 
samples were characterized and compared by: (i) SEM analysis (fracture cross-section) and (ii) EDS 
analysis (polished cross-section).  
After sintering, Gd0.2Ce0.8O2-δ (GDC) and LaNi0.6Co0.4O3-δ (LNC) aqueous solutions with 
concentration of 2.5 and 1.25 M were prepared by dissolving the corresponding nitrate solid solutions 
in water. The aqueous solutions were supplemented with a wetting agent (Triton X-100) and a 
complexing agent (Urea), and were infiltrated in both the porous YSZ layers to serve as oxygen 
oxidation/reduction catalysts. The samples were placed under vacuum to remove air and enhance the 
penetration of the solution into the porous support and the functional layers. This ensures an even 
distribution of the catalyst pre-cursor throughout the complete porous layers. The infiltrated samples 
were heat treated at 350 °C after each infiltration. The infiltration process was repeated 3 times for each 
aqueous solution, to ensure deposition of sufficient amounts catalyst in the porous layers. The 
impregnation procedure has been successfully applied in previous studies [32][33][34]. 
2.2. Membrane characterization 
Contact dilatometry was used to determine the shrinkage and sintering activity of the porous support 
and the thin membrane layer materials. Rods (2 cm x 0.5 cm x 0.5 cm) of 3YSZ + 20 vol.% Al2O3 + 30 
vol.% graphite and 10ScYSZ/MnCo2O4 (70/30 vol.%) powder mixtures were prepared by uniaxial 
pressing. Dilatometry on the dense bars was carried out on a Netzsch 402 CD differential dilatometer. 
The bar of the porous support material was pre-calcined at 1000°C in order to avoid the destruction of 
the sample by the holder pressure of the dilatometer.  The heating rate was 1°C/min from 1000°C to 
1400°C. The 10ScYSZ/MnCo2O4 (70/30 vol.%) bar, was heated at 0.5°C/min from room temperature to 
600°C, then 1°C/min from 600°C to 1250°C. All tests were performed in air. 
The microstructure of the asymmetric membranes, and in particular the integrity of the thin film 
10Sc1YSZ/MnCo2O4 layer, was investigated on fractured and polished cross-sections by scanning 
electron microscopy (SEM) using a Hitachi TM3000 equipped with a Bruker energy dispersive X-ray 
spectroscopy (EDS) system and a FE-SEM Zeiss Supra 35 electron microscope. 
2.3. Oxygen permeation tests 
Oxygen permeation measurements were conducted in an oxygen membrane rig built at Risø DTU 
as described by Samson et al. [35]. It consists of two alumina tubes that contact the membrane from 
the top and from the bottom. The gases are introduced to the interior of the test house to vicinity of 
sample and onto both sides of the membrane via smaller diameter alumina tubes inserted within the 
large, outer alumina tubes. The membrane is placed in the middle of a height adjustable tube furnace. 
Tape cast sodium aluminosilicate (NAS, Na2O: 17.8 mol%, Al2O3: 9.4 mol% and SiO2: 72.8 mol% [36]) 
glass rings, with an inner diameter of 9 mm, and a glass transition temperature of 515°C [35] were used 
as sealing material between the alumina tubes and the membrane. The side walls of the samples were 
also coated with NAS paste to ensure that no oxygen enters from the sweep gas compartment to the 
membrane. To ensure a gas tight sealing, the membrane was heated in air up to 940°C and afterwards 
cooled to 750°C. A gas chromatograph was connected to the outlet of the permeate side to quantify 
oxygen leak into the permeate stream (oxygen that enters the permeate compartment via pinholes or 
insufficient sealing at the membrane periphery). From a quantification of the leak the uncertainty of the 
measured permeation flux is less than 5%, mainly originated from the uncertainty of the area of the 
tested membrane. During the test, air or pure O2 with a flow of 100 mlN min-1 was fed to the feed side, 
while various flows of N2 or CO2 varying from 20 mlN min-1 to 150 mlN min-1 were fed to the permeate 
side. The membrane was assembled with the porous support on the feed side. The inlet flow of each 
gas was controlled and monitored by a mass flow controller (Brooks), while the outlet flow was 
determined by a mass flow meter (Bronkhorst). In the experiments reported here the flow out was equal 
to the flow in within 3%. In-house built zirconia-based pO2 sensors were used to determine the pO2 of 
the inlet gas on the permeate side (before feeding to the membrane) and of the outlet gas (after passing 
over the membrane). Net oxygen permeation flux was deduced from the pO2 difference between inlet 
and outlet, as given by: 
𝐽
ைమ ୀ  
೛ೀమ
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  (2) 
where 𝐽ைమ is the oxygen permeation flux, 𝑝𝑂ଶ
ᇱ and 𝑝𝑂ଶ′′ are respectively the oxygen partial pressures 
of the inlet and outlet gases, ?̇?ᇱ and ?̇?′′ are molar flow rates of inlet and outlet gases, respectively, and 
A is the net area of the permeate side of the membrane. The Nernst equation (3) is used to calculate 
the oxygen partial pressure from the measured sensor voltage (V): 
𝑉 =  ோ ்
ସ ி
ln ௣ைమ
௣ைమ,ೝ೐೑
   (3) 
where 𝑉 is the open circuit voltage of the oxygen sensor, T is the temperature of the oxygen sensor 
and  𝑝𝑂ଶ,௥௘௙ is the oxygen partial pressure at the reference electrode which was maintained at 0.21 atm 
during the measurement. 
3. Results and Discussion 
3.1. The effect of the sintering profile on the microstructure of 10Sc1YSZ/MnCo2O4 
composite membranes 
Simple percolation theory, assuming 6 nearest neighboring grains would predict a minimum of 33.3 
vol.% of an electron conductive phase to form a continuous matrix in a composite system with random 
distribution of the phases. However, best consistence between the calculated and measured 
conductivity has in several systems been reported to be achieved with a slightly higher number of 
nearest neighboring grains [37][38]. Percolation is thus expected to be achievable below the 33%. In 
order to achieve the highest effective total conductivity in the membrane, a volume ratio between the 
ionic conductor (10Sc1YSZ) and electronic conductor (MnCo2O4) of 70:30 vol.% was chosen, reflecting 
that the ionic conductivity σionic (0.12 S/cm at 850°C) [25] is five hundred time lower than the electronic 
conductivity σelectric (60 S/cm at 800°C) [27] and hence that one should use as much of the ionic 
conductor as possible while still maintaning percolation in the electronically conducting phase.  
A critical step in the manufacturing of multi-layered membrane structures containing different 
ceramic materials is the optimization of the co-sintering process. In co-sintering, a good match of the 
shrinkage and strain rate of the different layers needs to be achieved in order to avoid the development 
of excessive stresses during sintering which can lead to mechanical failures [39]. For OTM applications, 
the thin membrane layer needs to be fully dense, while the support has to be sufficiently porous (usually 
25-40% of porosity, depending on support thickness and microstructure) to assure sufficient 
permeability for gas supply and distribution.  
Conventional sintering at 1250°C for 6 h in air (CS1250) did not result in a suitable microstructure 
for OTM use. Figure 3 presents the SEM/EDS analysis of the polished cross-section of the asymmetric 
membrane after conventional sintering. As shown in Figure 3a, the thin membrane layer is around 5 µm 
thick and completely densified. Nevertheless, the elemental maps of manganese and cobalt display that 
both elements which should be concentrated in the dense membrane layer are evenly distributed 
through all other layers. The manganese and cobalt mobility is too high at the chosen firing conditions. 
For this reason, a two-step sintering method (see pink and blue curves in Figure 2 corresponding to 
TSS1250/1075 and TSS1225/1090 in Table 1) was subsequently attempted in order to fully densify the 
10Sc1YSZ/MnCo2O4 dual phase membrane while at the same time; (i) avoiding excessive Co and Mn 
diffusions and (ii) ensuring a sufficient mechanical strength of the YSZ/Al2O3 support structure. 
To elucidate the ideal sintering temperatures and optimize the sintering profile, separate dilatometry 
measurements were performed on the support and the membrane layer materials. The results of the 
dilatometry measurements are shown in Figure 4. The temperatures where densification occurs most 
rapidly are approximately 1200°C and 1025°C for the support and the thin membrane layer, respectively. 
In order to optimize the sintering, these two temperatures were chosen as the targeted dwell 
temperatures in the two stage sintering profiles. A temperature point close to the maximum shrinkage 
domain of the porous support was defined as a peak temperature for the short term sintering step. 
Sintering the membrane structure to this peak temperature should increase the density of the thin 
membrane layer and should ensure a good mechanical strength of the support. A temperature point 
close to the maximum densification of the thin membrane layer was selected for the second step dwell 
period. Such a sintering profile allows the membrane to sinter at relatively low temperature, and avoid 
the loss of MnCo2O4 experienced during conventional 6 h sintering at 1250°C (CS1250). 
Figure 5 presents the SEM images of a fracture cross-sections and the elemental maps of Mn, Co 
and Sc obtained by EDS of membranes sintered using the sintering profiles described in Table 1 
(TSS1250/1075, TSS1225/1090 and CS1075). Both membranes sintered using the two-step sintering 
method have fully dense membrane layers (Figures 5a and 5e). Their porosities were evaluated to be 
less than 1 vol.% by using a phase distribution analysis software. In comparison, the membrane which 
was conventionally sintered at 1075°C (CS1075) has a high porosity of 18 vol.%. Based on EDS results, 
the ratio of 10Sc1YSZ to MnCo2O4 in the thin membrane layer is about 75:25 vol.% (grains size: d50-
ScYSZ=1.01 µm and d50-MnCo2O4=0.46 µm) in the case that the sintering profile (i) was used (TSS1250/1075, 
Figure 5b, 5c, 5d), while the same ratio is about 70:30 vol.% (grains size: d50-ScYSZ=0.97 µm and d50-
MnCo2O4=0.51 µm) when the sintering profiles TSS1225/1090 (Figures 5f, 5g, 5h)  or CS1075 (Figures 5j, 
5k, 5l) were applied. These SEM/EDS results clearly show that the two-step sintering profiles allow on 
the densification of the 10Sc1YSZ/MnCo2O4 membrane layer without the loss of MnCo2O4 observed for 
the CS1075 one step profile. 
3.2. Oxygen flux measurements on asymmetric dual-phase 10Sc1YSZ/MnCo2O4  
membranes  
The performance of the 10Sc1YSZ/MnCo2O4 (70/30 vol.%) asymmetric membranes on the 3YSZ 
support obtained by two-step sintering (TSS1225/1090) was evaluated carrying out oxygen permeation 
measurements, as described in Section 2.3. 
Figure 6 displays the oxygen permeation flux as a function of the ratio between the oxygen partial 
pressures of the feed and permeate sides (ln(pO’2/pO”2)) using N2 and CO2 as sweep gases, and pure 
oxygen as a feed gas. The flux scales in direct proportion to the driving force across the membrane. 
The highest fluxes in O2/N2 and O2/CO2 were measured at 940°C and correspond to 2.28 mlN min-1 cm-
2 and 1.91 mlN min-1 cm-2, respectively. When air was used instead of pure oxygen as a feed gas, the 
fluxes decrease to 1.41 mlN min-1 cm-2 and 0.81 mlN min-1 cm-2, in N2 and CO2 respectively. Table 2 lists 
the values of oxygen permeation in different atmosphere at different temperatures. At temperature 
above 900°C, the oxygen permeation flux measured using CO2 as the sweep gas is lower than that 
measured in N2 at equivalent driving force. Several other studies of OTMs present lower performances 
in CO2 when compared to N2/He sweep [40][41][42][43][44][45]. The phenomenon has been suggested 
to be a consequence of suppressed oxygen surface exchange rate due to the chemisorption of CO2 on 
the surface possibly blocking some oxygen vacancies [42][45].  
When the permeation flux is limited not only by bulk diffusion but also by surface-exchange kinetics, 
the oxygen-permeation flux can, in a simple approximate description, be characterized by a modified 
Wagner equation (4) [46]: 
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where 𝐿௖ (= 𝐷௔ /𝐾௦ ) is the characteristic membrane thickness, 𝐷௔  is the ambi-polar diffusion 
coefficient and 𝐾௦ is the surface-exchange coefficient. When the membrane thickness (L) is much 
smaller than 𝐿௖, the oxygen permeation is mainly limited by the surface-exchange kinetics, while for 
L  ≫ 𝐿௖ the bulk diffusion is the main rate limiting factor. Since 𝜎௘௟ ≫  𝜎௜௢௡ for 10Sc1YSZ/MnCo2O4 (70/30 
vol.%) [25][27], the mixed conductivity term in the integrand in Eq. (5) becomes: 
𝐽ைమ = − 
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An approximate characteristic membrane thickness (𝐿௖) was calculated from the O2/N2 experiments 
in comparing measured fluxes with the ones calculated from Equation 5 using known conductivity values 
for the zirconia treating 𝐿௖ as a fitting parameter. For the calculations, we considered that: 𝜎௜௢௡,ଵ଴ௌ௖ଵ௒ௌ௓ ≫
𝜎௜௢௡,ெ௡஼௢మைర , and approximated that 𝜎௜௢௡ = 𝑥 ∗  𝜎௜௢௡,ଵ଴ௌ௖ଵ௒ௌ௓ , where 𝑥 is the volume percentage of 
10Sc1YSZ in the composite membrane. The ionic conductivities of 10Sc1YSZ from 750 to 940 °C were 
taken from the study by Irvine et al. [47]. The driving force ln(pO2’/pO2”) was fixed at 5 for the 
calculations. 
Figure 7 presents the thus obtained 𝐿௖ values as a function of the temperature and a comparison 
with the actual membrane thickness (L). For the complete investigated temperature range 𝐿௖ is much 
larger than L (10 to 20 times) which strongly indicates that surface-exchange kinetics is a main rate 
limiting factor for the oxygen permeation. In case of gas concentration polarization on the permeate 
side, the driving force will be overestimated which will result by a larger value of 𝐿௖. Calculations were 
performed at 950°C by using a lower driving force than assumed in order to show that even with gas 
concentration polarization effect 𝐿௖ is significantly larger than L. Nevertheless, it is important to mention 
that in principal the ionic and electronic conductivities of the two phases in the membrane could deviate 
from the known materials values. For example, a modification of the microstructure, such as 
agglomeration of the phases could limit the percolation and therefore affect the conductivities. Also the 
ionic conductivity in the zirconia could in principle be reduced relative to that of the pure material due to 
interdiffusion of Mn, Co from the spinel. Moreover, the performed calculations do not consider a potential 
support limitation. A model developed by Niehoff et al. [48] introducing a surface correction factor for 
the calculation of Lc could be used to get more accurate results. 
In order to investigate the chemical and thermal long-term stability of the dual phase membrane, the 
oxygen flux was measured for a continuous period of 1730 h with CO2 as sweep gas and air as feed 
gas at 850°C. Figure 8 presents the evolution of the oxygen flux through the membrane as a function of 
the time (black line). The blue line represents the first derivative of the oxygen flux as a function of the 
time. For the first 1100 hours the flux decreases while after it stays constant for the last 600 hours of 
the experiment. Figure 9 shows SEM images of the very fine GDC and LNC particles infiltrated onto the 
functional membrane layer as oxygen oxidation/reduction catalysts. Before the oxygen permeation test, 
individual GDC/LNC particles are in the range of 20-50 nm (Figure 9a), while after 1730 h of testing in 
CO2, they are in the range of 120-200 nm (Figure 9b). The particles thus clearly grow during the 
membrane operation. This coarsening causes a decrease in the surface area of the oxygen 
oxidation/reduction catalysts, therefore leading to surface exchange limitations. It is most likely the 
reason for the declining flux over the first 1100 hours.  
4. Conclusions 
Dual phase asymmetric 10Sc1YSZ/MnCo2O4 membranes were successfully prepared by tape 
casting, lamination and a two-step sintering process. The microstructure of the asymmetric membranes 
developed with different sintering cycles was studied and showed the advantages of the two-step 
sintering method to obtain a gastight membrane layer with the desired ratio of the ionic/electronic 
conductor. Such microstructures could not be obtained by conventional sintering. The oxygen 
permeation flux through a 7 µm 10Sc1YSZ/MnCo2O4 (70/30 vol.%) asymmetric membrane was studied 
from 750 to 940 °C under several atmospheres (air/pure oxygen as feed gases and N2/CO2 as sweep 
gases). An oxygen flux of 2.23 mlN min-1cm-2 can be achieved at 940°C in O2/N2 atmospheres. A 
chemical and thermal stability test under CO2 (as sweep gas) was performed over 1730 h and showed 
initial degradation during 1100 h, after which stable performance was observed during the remaining 
630 h of test. The observed degradation is attributed to coarsening of the infiltrated catalyst phase. The 
10Sc1YSZ/MnCo2O4 (70/30 vol.%) asymmetric membrane itself seems stable in CO2 atmosphere and 
is thus a good candidate for use in industrial applications where the contact with CO2 is required, for 
example for the use in oxy-coal fired power plants for Carbon Capture and Sequestration (CCS). Further 
improvement of the surface catalyst layers is needed to reach the full potential of these membranes. 
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Figure captions: 
Figure 1: Schematic structure of the 10Sc1YSZ/MnCo2O4 asymmetric membrane developed in this study, 
consisting of 4 layers from bottom to top: a porous 3 YSZ support layer, a porous 8YSZ layer to be impregnated 
with a catalyst, the 10Sc1YSZ/MnCo2O4 membrane layer and a second porous 8 YSZ for catalyst impregnation. 
Figure 2: Four different sintering cycles used to optimize the microstructure of the 10Sc1YSZ-MnCo2O4 
asymmetric membranes: (i) conventional sintering at 1250°C, (ii) conventional sintering at 1075°C, (iii) two-step 
sintering at 1250°C/1075°C and (iv) two-step sintering at 1225°C/1090°C.The first 45 hours of the cycles are not 
shown since they are similar for the four different sintering cycles. 
Figure 3: Polished cross-section of an asymmetric membrane after a conventional sintering at 1250C/6 h (CS1250) 
(a) SEM picture (b, c, d) EDS maps of Co, Mn and Sc elements. 
Figure 4: Dilatometry curves, showing the shrinkage rate as function of sintering temperature for the porous 
support (a) and the thin membrane layer (b). Heating rate: 1°C/min.   
Figure 5: SEM images and EDS maps (Mn, Co and Sc elements) of polished cross-sections of 
10ScYSZ/MnCo2O4 asymmetric membranes TSS1250/1075 (a, b, c, d) TSS1225/1090 (e, f, g, h) and CS1075 (i, 
j, k, l). 
Figure 6: Oxygen permeation flux of 10Sc1YSZ/MnCo2O4 (70/30 vol.%) membrane as a function of the natural 
logarithm ratio between the oxygen partial pressure of the feed and the permeate side using N2 and CO2 as a 
sweep gases and pure oxygen as a feed gas. The lines are a linear fit to the results. 
Figure 7: The characteristic membrane thicknesses (Lc) as a function of temperature, for oxygen permeation fluxes 
obtained in O2/N2 with ln (pO2’/pO2”) = 5 (black) and 4 (blue). 
Figure 8: Oxygen permeation flux through 10Sc1YSZ/MnCo2O4 (70/30 vol.%) composite membranes as a function 
of the time at 850°C, with constant flow of air as a feed gas and 112 mlN min-1 of CO2 as a sweep gas. 
Figure 9: SEM pictures of the GDC and LNC particles present onto the functional membrane layers prior to (a) 
and after (b) 1730 h of test in CO2. 
 
Table captions: 
Table 1: Overview table of the four different sintering cycles used to optimize the microstructure of the 10Sc1YSZ-
MnCo2O4 asymmetric membranes. 
Table 2: Oxygen permeation fluxes (mlN cm-2 min-1) and driving force values through 10Sc1YSZ/MnCo2O4 (70/30 
vol.%) asymmetric membrane as a function of the temperature and the used atmosphere. 
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Table 1:  
Name (Code) 
Heating 
rate 
step 1 
(°C/min) 
Holding 
step 1 
Heating 
rate 
step 2 
(°C/min) 
Holding 
step 2 
Heating 
rate 
step 3 
(°C/min) 
Holding 
step 3 
Cooling 
rate 
step 1 
(°C/min) 
Holding 
step 4 
Cooling 
rate 
step 2 
(°C/min) 
Conventional 
sintering at 
1250°C 
(CS1250) 
0.25 600°C / 4h 1 
1250°C / 
6h - - 1.67 - - 
Conventional 
sintering at 
1075°C 
(CS1075) 
0.25 600°C / 4h 1 
1075°C / 
6h - - 1.67 - - 
Two-step 
sintering at 
1250°C/1075°C 
(TSS1250/1075) 
0.25 600°C / 4h 1 
1075°C / 
1min 25 
1250°C / 
3min 25 
1075°C / 
6h 1.67 
Two-step 
sintering at 
1250°C/1075°C 
(TSS1225/1090) 
0.25 600°C / 4h 1 
1090°C / 
1min 25 
1225°C / 
3min 25 
1090°C / 
6h 1.67 
 
Table 2:  
Temperature 
(°C) 
Atmosphere 
Air/N2 Air/CO2 O2/N2 O2/CO2 
Oxygen permeation fluxes (Nml cm-2min-1) / ln(pO2’/pO2”)  
750 0.29 / 5.496 0.39 / 4.660 0.37 / 6.824 0.64 / 5.737 
800 0.49 / 4.975 0.43 / 4.571 0.59 / 6.344 0.75 / 5.569 
850 0.83 / 4.447 0.52 / 4.384 1.05 / 5.778 1.02 / 5.266 
900 1.26 / 4.036 0.66 / 4.136 1.70 / 5.296 1.46 / 4.907 
940 1.41 / 3.920 0.81 / 3.978 2.28 / 5.004 1.91 / 4.642 
 
 
